Abstract-Communication between power converters is vital for high performance DC micro-grids controls. However, for residential DC micro-grid applications, using external communication link would increase the system cost, and reduce the system flexibility and reliability. This paper presents a novel method to enable the conventional DC/DC converters to transmit data via the common DC Bus. With this technology, cost-effective low bandwidth communication links between power converters can be established within a DC micro-grid, and advanced distributed control algorithms can be developed. A reliable communication with 2 kbps transmission rate has been implemented between the Boost converters through the common input DC bus.
INTRODUCTION
Micro-grids are small scale power systems that use distributed renewable and/or non-renewable generations and energy storage systems to supply power to local loads. Most of renewable sources and energy storage devices, such as Photovoltaics (PV), fuel cells and batteries, generate DC power, and more and more electrical loads in residential houses or commercial buildings use DC power, such as laptops, LED lighting, etc. In a DC micro-grid, these sources and loads are connected directly via a common DC bus. Fig. 1 shows the structure of a typical DC micro-grid. Compared with the AC systems, DC micro-grids have the advantage of higher efficiency by eliminating the wasteful AC to DC and DC to AC conversion stages [1] . DC micro-grids hold extraordinary promise for a wide variety of situations [2] , but there are still a few barriers to deploy this technology, such as the initial cost of the system, lack of standards and code of practice, etc.
To improve the system performance, the DC micro-grids must be controlled in an optimal way based on system control law. Many control methods have been proposed, and they are classified into three categories [3] : Independent control: each power converter in the DC micro-grid operates independently. The system is low cost and reliable, but the system performance can not be optimized because each power converter does not know the operation of other power converters in the system.
Centralized control [4] : all the power converters in the DC micro-grid are controlled by a central controller through external communication links. Various control methods, such as active load sharing control, can be easily applied to the DC micro-grid, and the system performance can be optimized. However, the reliability of the system is degraded due to the whole system depends on the central controller and external communication links.
Distributed control [3, [5] [6] [7] : the DC micro-grid control is distributed to each power converter controller. The system can still function under the conditions of single or multiple power converters failure, so it has better reliability than the system under centralized control. For some distributed control methods, low bandwidth external communication link for each power converters are still needed for correct operation [5] . To remove the external communication link, DC bus signalling (DBS) based distributed control methods were proposed by several researchers [3] [6] [7] . In these methods, the DC bus acts as a communication link between the power converters. During the operation, different DC bus voltage levels indicate different system operation modes. All the power converters respond to the level of the DC bus voltage, and they also can change the level of the DC bus voltage to control other converters in the system [3] . However, with DBS based control schemes, only very limited information can be exchanged between the power converters, therefore, the system performance optimization is still limited and it is more suitable for simple structured DC micro-grids.
The idea of using DC bus as a communication link in the DBS methods is similar to the power line communication (PLC) technology, which is able to use the power line for communication. PLC technology has been widely investigated, and it has been proved as a reliable method for communication in many applications. However, conventional PLC requires independent circuits for injecting, amplifying and processing the communication signal, which increases the system costs and volume, and is not suitable for residential DC micro-grids applications, where the system cost is the key.
Pulse Width Modulation (PWM) is the most popular strategy employed in the power converter controls, and it is also a technique used to encode a message into a pulsing signal. There are two modulation methods to carry information by PWM signals: the frequency-shift keying (FSK) method which modulates the PWM carrier frequency, and the phaseshift keying (PSK) method which modulates the phase of the PWM signals. This paper focuses on PWM/FSK modulation.
A power converter switching frequency modulation method for communication purposes has been proposed [8] . By changing the PWM carrier frequency and detecting the switching signal on the DC bus, power converters are able to communicate to each other via a common DC bus. The communication signal is inherently generated by the PWM of DC/DC converters, so no additional circuit is needed for injecting the communication signal on the DC bus. However, there are several limitations to this method. The switching noise was used to detect the switching frequency on the DC bus, therefore, the signal processing is complicated, and extra analog peak detector circuits and high order digital filters are needed. In addition, the number of the DC/DC converters can be connected to the DC bus and the communication speed are limited. The proposed method has a high bit error rate at bit rate of 2 kbps.
In this paper, a novel switching frequency detection method is proposed for the communication between power converters via a common DC bus link. Using TI's latest low cost Piccolo Microcontroller, discrete Fourier transform (DFT) algorithm can be applied to analyse the harmonic spectrum of the DC bus voltage directly. The proposed method only requires a simple filter and amplifier circuit for DC bus voltage signal processing. By integrating the data modulation/demodulation algorithms into the power converter control loop, the power converters can communicate between each other via the common DC Bus without external communication link. Compared to the method used in [8] , the proposed method has simpler analog signal processing circuits, and it allows more DC/DC converters to be connected the common DC bus and with higher communication speed. The proposed method can be used in DC micro-grid applications, providing a low cost communication link for the DC micro-grids distributed control algorithms.
II. WORKING PRINCIPLE
For PWM controlled DC/DC power converters, both the input voltage and the output voltage have the voltage ripple at the PWM carrier frequency, i.e. switching frequency. The voltage ripple is a function of the switching frequency f sw , the inductor ripple current I L-pp , the input or output capacitance C and its effective series resistance (ESR) R.
For a synchronous Boost converter, the input current is continuous, and the input voltage ripple V pp can be approximately calculated as [11] : (1) When the switching frequency is high or the DC bus capacitor ESR is high, equation (1) can be simplified as: (2) Equation (2) shows for a synchronous Boost converter, the input voltage ripple is independent on the load conditions. For a synchronous Buck converter, the input current is discontinuous, and the input voltage ripple is dependent on the load condition. The voltage ripple has a minimum value when the load is zero, and the minimum value can be calculated using equation (2) . For most of power electronics designs, the magnitude of the DC bus voltage ripple is usually small. An analog ripple sensing circuit [9] is therefore used to detect the DC bus voltage ripple, which includes a band pass filter and an amplifier. The band pass filter is used to remove the DC component, low frequency components and the high frequency switching noise of the DC bus voltage.
The digital signal processing consists of: 1) an analog to digital converter (ADC) with a high sampling rate, 2) a discrete Fourier transform (DFT) session to identify the harmonic components of the DC bus voltage at specific frequencies, and 3) a comparator to generate digital signals.
The ADC sample rate f s should comply with the NyquistShannon sampling theorem, which is:
where f 2 is the higher working switching frequency of the power converters.
To detect if any power converters on the DC bus working at switching frequency of f 2 (sending data 1), only the harmonic component at the switching frequency f 2 needs to be identified. To calculate the harmonic component at f 2 accurately using Fourier transform method, the switching frequencies f 1 and f 2 should be orthogonal in the Fourier transform period: ,
where K and M are an integers, and f F is the Fourier transform frequency.
Assume there are N sampling points in a Fourier transform period. The N-point complex DFT of a discrete-time signal x(n) is:
where .
Replace k with M in equation (5), the harmonic component at f 2 can be calculated:
To reduce the calculation time, the sliding DFT algorithm [10] is applied.
Assume
is the current DFT value based on the sequence of 1 , 2 , , , and 1 is the next DFT value based on the sequence of 2 , 3 , , 1 , then based on the sliding DFT algorithm: Equation (7) only has two addition operations and one multiply operation of complex numbers, so the total calculation time will be short.
A constant threshold X th is set to identify the useful communication signal from noise. It is compared with the DFT result X M to discriminate data 0 and 1:
III. IMPLEMENTAION AND EXPERIMENTAL RESULTS
An experimental setup has been built to verify the proposed method. As shown in fig.2 , three synchronous Boost converters are connected to a common input DC Bus. The common input DC bus voltage V Bus is 12V, and the DC bus capacitor C is 14 μF.
Three Boost converters are all identical, and fig. 6 shows the block diagram of one Boost converter. The output voltage is 20V, and the output current is 1A. The inductor is 300 μH.
The output voltage and the inductor current are sampled at the switching frequency for closed loop power control, and the input DC bus voltage after the analog amplifier is sampled at 500 kHz for data demodulation.
The closed loop power control and the data modulation/ demodulation are both implemented with a single TI's Piccolo Microcontroller TMS320F28035.
TMS320F28035 is a low cost and low pin-count microprocessor device, and it combines the power of the C28x core and a control law accelerator (CLA) [11] . CLA is an independent and fully programmable 32-bit floating-point math accelerator that runs in parallel with the main CPU. The sliding DFT algorithm using equation (7) is implemented in the CLA, and the calculation time is less than 1 μs. Therefore, the DC bus voltage ripple sampling rate was selected as 500 kHz (2 μs) with some safety margin.
The DFT frequency was set as 16.67 kHz (60 μs), so there are 30 sampling points in one DFT period. Based on equation (4), the PWM carrier frequencies of the Boost converter are selected as 100 kHz (for sending data 1) and 83.33 kHz (for sending data 0 or not sending data). fig.  7 . Fig. 7(a) shows the result when only one Boost converter is connected to the DC bus, and fig. 7 (b) shows the result when three Boost converters are connected to the DC bus. U1 is the DC bus voltage ripple after analog amplifier circuit, U2 is the data sent to the DC bus by one Boost converter, and U3 is the data received by one Boost converter.
In fig. 7 , it shows there is a delay between the data received (U3) and data out (U2). The delay time is due to the calculation of DFT algorithm, which is not a constant, but is close to a DFT period (60 μs). Therefore, the communication speed is upto a few kbps, making it suitable for applications that require low speed communication, such as providing communication link for the DC micro-grid distributed control.
In the experiment, it has been found that the DC bus voltage harmonic component at frequency f 2 is reduced when more DC/DC converters are connected to the common input DC bus. It is because the ESR of the DC bus capacitance is reduced (see equation 2). Therefore, the number of the DC/DC converters that can be connected to the system is mainly limited by the ESR of the DC bus capacitance.
Based on the equation (2), the voltage ripple is proportional to the ESR of the DC bus capacitance. A system with higher DC bus ESR will allow more DC/DC converters connect to the DC bus, but the system efficiency will be lower. Therefore, the proposed communication method is more suitable for low power rating DC micro-grid applications. 
DC MICRO-GRIDS APPLICATION
As discussed in section I, communications between power converters are vital for high performance distributed control of DC micro-grids. However, for residential DC micro-grids, external communication link would increase the system cost, reduce the system flexibility and reliability. The work has presented in this paper could provide a cost-effective communication method for this application. This paper mainly focuses on the physical layer of the communication method, and introduced the means of transmitting raw bits between the power converters in a DC micro-grid. To apply the proposed communication method in the application of DC micro-grids distributed control, more research work need to be done, which includes the design of the data link layer and application layer of the communication. The data link layer and the application layer design are currently under research by the authors in some funded projects.
For a DC micro-grid, data only need to be transferred locally, therefore, only data link layer need to be designed, which is the protocol layer that transfer data between power converters. As shown in fig 1, a DC micro-grid is a multiple access network that incorporates a shared medium (common DC bus), therefore, it is necessary to exploit a Multiple Access Control (MAC) protocol for this application. Some common MAC communication methods, such as master/slave polling arrangement and carrier sense multiple access with collision avoidance (CSMA/CA), etc. are currently under evaluation.
The application layer defines the data that should be sent and received for each type of power converters. A system level optimized control scheme will be proposed based on a list of criteria, such as overall system efficiency, system stability, etc. and then the data that needed for each type of power converters will be obtained. As discussed in the experimental results, the communication speed is limited, therefore, the above data will be assigned a priority weight, and the most important data will have the high priority to be transmitted. Advanced distributed control algorithms for DC micro-grids, such as enhanced current sharing control [5] or Multi-Agent System (MAS) based distributed control method [12] , could be implemented without external communication links.
V. CONCLUSIONS
This paper presented a novel communication method between power converters via a common DC bus. PWM/FSK modulation method is used to carry information by PWM signals. To demodulate the signal, discrete Fourier transform algorithm is applied to analyse the DC bus voltage harmonics directly. A reliable communication with 2 kbps transmission rate has been implemented between the Boost converters via the common input DC bus. The proposed method could provide cost-effective low bandwidth communication links for low power rating DC micro-grid applications to develop various distributed control algorithms.
